Introduction
Body size is among the most obvious characteristics of an organism, and it is closely related to the biotic and abiotic environment as well as life-history traits. Because of its implications for almost every aspect of life, research on body size has a long history in evolutionary biology, ecology, and palaeontology. Numerous museum collections of fossil marine invertebrates facilitate body-size research over broad temporal intervals, making it possible to recognize distinct patterns in the evolution of body size. Because they are characterised by high preservation potential, global distribution, and high abundance, fossil marine bivalves have been, and continue to be, the subject of numerous studies on body size (e.g. Hallam 1975a; Jablonski 1997; Roy et al. 2000; Aberhan et al. 2006) . To date, most analyses on body size have concentrated on patterns based on datasets that include a multitude of taxa from the genus level up to the order level. Our approach, in contrast, focuses on a single bivalve species: the Jurassic marine pectinid Chlamys textoria (Schlotheim, 1820; Fig. 1) . This should be seen as an attempt to minimise taxonomic "noise" by considering a single species that is likely to exhibit similar changes in body size in response to ecological stimuli throughout its range. This control on changes in body size may allow us to uncover patterns, which are otherwise obscured in studies that consider many species with varied size-related responses to external stimuli. For example, although it is widely accepted that temperature is one of the most important physical factors controlling body size in ectotherms (Nicol 1964; Atkinson 1994) , different organisms respond to changes in temperature in different ways (Heilmayer 2004) . Thus, in a study on the influence of temperature on body size, there might be no visible trend because of differing long-term morphologic/evolutionary responses of the various species studied.
General predictions have been made on the body size of endotherms and some of these have been proposed to apply for ectotherms as well. The widespread tendency of lineages to evolve towards larger physical size, known as Cope's rule (Cope 1896; Stanley 1973; Hone & Benton 2005) , has been recognized in numerous plant, invertebrate and vertebrate groups (Newell 1949; McFadden 1992; Alroy 1998; Hone & Benton 2005; Hunt & Roy 2006; Hone & Benton 2007; Hone et al. 2008; Novack-Gottshall & Lanier 2008) , but numerous exceptions exist as well (Arnold et al. 1995; Dommergues et al. 2002; Knouft & Page 2003; Poulin 2005; Moen 2006; Butler & Goswami 2008; Monroe & Bokma 2010) . Marine bivalves in particular have played an important role in research on the validity of Cope's rule. Phyletic size increase was reported for Jurassic bivalves and ammonites (Hallam 1975a (Hallam , 1978 (Hallam , 1998 . However, using an extensive dataset of Cretaceous bivalve body sizes, Jablonski (1996 Jablonski ( , 1997 rejected Cope's rule as an evolutionary generalisation and showed, for example, that a pattern of "increased variance" was an equally important pathway in body-size evolution.
Another important concept is Bergmann's rule (Dayan et al. 1991; Hunt & Roy 2006; Chown & Gaston 2010; Hunt et al. 2010) , the latitudinal trend of body size, which states that body size increases with increasing latitude. Although latitude has no environmental significance by itself, it is a proxy for a number of environmental variables including mean annual temperature, oxygen availability, seasonality, and productivity, all considered to influence growth rates and body size (Roy et al. 2000 ). Bergmann's rule has been tested for both endotherms and ectotherms, but considerable debate still exists about the generality of the pattern and the underlying processes (Atkinson 1994; Renaud et al. 1999; Roy & Martien 2001; Hunt et al. 2010) .
In addition to abiotic factors (e.g., water temperature, nutrient availability, oxygen supply) controlling body size, predation pressure is thought to influence the overall size distribution of a population by reducing the number of small individuals and leaving the largest individuals that have attained a 'size refuge' (Paine 1976) . Predation-related size sorting may be an important factor in Jurassic bivalves because predator diversity and abundance increased during the Jurassic (Bambach 2002; Aberhan et al. 2006) . The possible pathways for a pectinid bivalve species to adapt to increasing predation pressure include an increase in growth rate (and early maturity), greater adult size, greater valve thickness, strengthening of the shell by constructing fewer plicae with higher amplitudes, and improving predator avoidance strategies such as swimming and camouflage.
The aim of the present study is to take advantage of a single species approach and search for distinct patterns and trends in the distribution of body size and phenotypes in space and time. Emergent patterns will be discussed in light of the above-mentioned general concepts to test how far these can be applied to a marine bivalve species.
Material and methods
Our analyses focus on the epifaunal pectinid bivalve Chlamys (Chlamys) textoria (Schlotheim, 1820) . The oldest reliable records of the species are from the earliest Hettangian and it ranges throughout all Jurassic stages into the late Tithonian. Owing to its longevity, the ability to adapt to a wide range of environmental conditions, and its fairly wide geographic distribution (Fig. 2; Johnson 1984) , the chosen species seems well suited for the purpose of the study.
Herein, we follow the extended species definition of Johnson (1984) , who assigned the European Jurassic specimens of the bivalve genus Chlamys to only three morphospecies. He distinguished Chlamys textoria from the other two Jurassic species, Chlamys valoniensis (Defrance, 1825) and Chlamys pollux (d 'Orbigny, 1850) , by the presence of variably spaced imbricate lamellae on the plicae, thus including a long list of former nominal species.
The dataset used in this study consists of measurements of specimens from extensive collections housed in the following institutions: Museum fçr Naturkunde, Berlin; Musum National d'Histoire Naturelle, Paris; GeoZentrum Nordbayern, Erlangen; Naturhistorisches Museum Basel; Bayerische Staatssammlung fçr Palåontologie and Geologie, Munich. Measurements of specimens were combined with equivalent measurements taken from images and from data tables from the following taxonomic publications: Aberhan (1994 Aberhan ( , 1998a , Agrawal (1956) , Ahmad (1999) , Allasinaz (1962) , Berini (1957) , Bertuletti (1962) , Calzada & Radulovic (1987) , Cantaluppi & Corti (1969) , Contejean (1859) , Cottreau (1925 Cottreau ( -1932 , Cox (1965) , Damborenea (2002) , Dechaseaux (1936) , Delvene (2001) , Ernst (1923) Fçrsich & Werner (1988) , Gaetani (1970) , Gemmellaro & di Blasi (1874) , Greco (1898) , Greppin (1893 Greppin ( , 1898 Greppin ( -1900 , Hayami (1957) , Hurst (1992) , Jaitly et al. (1995) , Johnson (1984) , Kochanov (1979) , Kuhn (1936 Kuhn ( , 1938 , Lentini (1973) , Loriol (1904) , Melville (1956) , Paris & Richardson (1915) , Scholz (2005) , Sibiriakova (1961) , Skwarko (1974) , Staesche (1926) , Thurmann & Etallon (1862) , Tilmann (1917) , Tzankov & Boncev (1932 ), Vu Khuc et al. (1991 , Wandel (1936) , Weaver (1931) , Wisniewska-Zelichowska (1971) , Yamani (1975) , Yin (1931) , and Yin & Fçrsich (1991) .
Measurements of photographs of specimens can introduce a bias because distortions can occur at any stage in the photographic process. However previous research suggests that this bias is negligible for small specimens (Kowalewski et al. 2000) and invariant across a wide range of shapes and sizes (Sime & Ferguson 2003) . Furthermore, specimens figured in photographic illustrations represent a biased sample with respect to the actual size distribution of the population from which they were chosen, but this bias is also invariant across a wide range of species and environments (Krause et al. 2007) . We have investigated these potential biases by restricting the analyses to specimens which were measured by ourselves. These analyses yielded qualitatively similar results to those obtained using the entire dataset.
The dataset used herein consists of 592 individuals of Ch. textoria from 296 localities. As an approximation of body size, the geometric mean of height (H) and length (L) of each specimen was determined
The geometric mean is a standard metric used in most recent studies of bivalve size dynamics (Jablonski 1996 (Jablonski , 1997 Roy et al. 2000) because it is strongly correlated with more complex size metrics and thus provides a more accurate size assessment than single linear measurements (Kosnik et al. 2006) .
In addition, we counted the number of plicae and, following Johnson (1984) , assigned each specimen to one of three different phenotypes: "coarse" (17-26 plicae), "intermediate" (27-36 plicae), and "fine" (> 36 plicae).
The dataset was supplemented with information on lithology, grain size, and depositional environment for each locality as far as available. We distinguished between siliciclastics, carbonates, and mixed lithologies; coarse-and fine-grained sediments; and shallow-water (non-reef habitats above storm wave base), deeper water (below storm wave base), and reef and reef-associated habitats.
To determine the latitudinal distribution in body size, the coordinates for each locality were identified from the collector's description and then used to calculate the appropriate palaeopositions. On this basis, the localities were assigned either to the tropics (up to 35 north and south) or to the non-tropics. A more narrow but traditional definition of the tropics between 23 N (Tropic of Cancer) and 23 S (Tropic of Capricorn) was deemed inadequate for this study because the warmer worldwide climate of the Jurassic would have resulted in tropical conditions at latitudes higher than today. Occurrences in areas with a high probability of conditions favourable for coastal upwelling and therefore high productivity were determined with the palaeoclimatic modeling maps of Golonka et al. (1994) .
To avoid a bias in favour of localities with a high number of specimens, a "standardised" dataset was constructed in addition to the main dataset. In the "standardised" dataset, the median values of the measured parameters were used for localities with more than one specimen. The analyses were performed at stage level, with the duration of the time bins ranging from 3.0 million years (Myr) for the Bathonian to 7.4 Myr for the Toarcian (using durations as defined in Gradstein & Ogg 2004) . All analytical scripts were written in the R Programming Environment (R Development Core Team 2011). For statistical analyses the level of significance (a) was set at 0.05. 
Results
Unless otherwise indicated, the results presented here use the complete dataset. We include results for the "standardised" dataset only where they differ substantially or provide additional insights. To show the degree of support, the corresponding results for the "standardised" dataset are summarized in Table 1 .
The measured parameters exhibit a right-skewed body-size distribution ( Fig. 3 ) with a mean body size of 35.0 mm (SD ¼ 14.1, median ¼ 33.6 mm). The largest specimen comes from early Tithonian reefs at Laisacker, southern Germany, with a geometric mean of 109.0 mm (Yamani 1975) . The temporal variation in the relative abundance of specimens in the various environmental and lithological categories is given in Figure 4 . Table 1 . Analyses of body shape and body size of the Jurassic pectinid bivalve Chlamys textoria in the latitudinal cline using the "standardised" dataset. H -shell height; L -shell length. 
Body size through time
There is no significant trend in the body size of Ch. textoria from the Hettangian to the Tithonian. This holds true for mean and median body size as well as for maximum body size and variance in body size (Fig. 5) . Similarly, analysing body size within environmental and lithological categories fails to identify any temporal trends or significant differences in mean body size between the categories. This applies to fine-grained versus coarse-grained substrates, siliciclastic versus carbonate versus mixed lithologies, and shallow-water versus deeper water versus reefal environments (Table 2) .
Evolutionary changes in body shape
Nearly every specimen is slightly higher than it is long (mean H/L ¼ 1.12, SD ¼ 0.08). There is also a limited, but highly significant, increase in the height-length ratio (H/L) with time ( Fig. 6 
To discriminate between a driven and a passive trend, we used McShea's (1994) minimum test. In a driven positive trend the minimum values should increase along with the maximum values. Hence, it is appropriate to focus on specimens representing the lower and the upper range of the body shape distribution per interval separately. Limiting the analysis to those 10 % of specimens per stage with the lowest or highest H/L values reveals significant positive correlations for both the lower and the upper end of the range (Fig. 7) . Although the increase in the upper range is higher than in the lower range, the increase in the average H/L through time is obviously the result of the combined effect of increasing both the maximum and the minimum values. Thus, we conclude that the constraints of the minimum test are fulfilled, and the observed trend is a driven one. This suggests that it is not just the result of passive diffusion but implies an underlying driving force.
There is no significant difference in body shape when comparing specimens from the tropics to those from outside the tropics (Mann-Whitney U, p ¼ 0.3). In contrast, the average H/L in reef/reef-associated habitats is significantly higher than in non-reef habitats (Mann-Whitney U, p ¼ 0.009). However, the trend in changing body shape through time remains significant when restricting the time series to the Early to Middle Jurassic interval during which the relative abundance of reef-associated specimens was low ( Fig. 4 ; r s ¼ 0.270, p < 0.001). Furthermore, the trend is still evident when analysing level bottom habitats (r s ¼ 0.239, p < 0.001), 
Latitudinal gradient
It can be argued that body size, especially of suspension-feeders, is largely dependent on the prevailing productivity regime (Aberhan et al. 2006) . We therefore excluded specimens from high productivity areas from the analysis of body-size patterns in the latitudinal cline (see methods).
Although there is no correlation of body size with palaeolatitude when all specimens are considered (p > 0.1, but see Table 1 for the "standardised" dataset), analysing specimens from different environments separately shows a weak, but significant, positive correlation of body size with palaeolatitude in shallow-water as well as in deeper water habitats (Fig. 8A) . Furthermore, grouping the occurrences into tropical versus non-tropical palaeolatitudes shows a significantly larger mean body size for the specimens from outside the tropics (Mann-Whitney U, p < 0.001, Fig. 8B ).
Assigning specimens to bands of absolute palaeolatitude (using ranges of 5 latitude) shows no trend in mean body size, but a significant increase in the maximum body size with latitude (Fig. 9) .
Ornamentation
In an attempt to eliminate the effect of an ontogenetic increase in the number of plicae, ornamentation analyses were performed within specific ranges in body size. This approach assumes that growth rates do not differ substantially among specimens, but a detailed quantitative verification, using sclerochronological methods, was beyond the scope of this study. Specimens with a body size (expressed as geometric mean, GM) of 20-40 mm (GM : 20), 40-60 mm (GM : 40), and > 60 mm (GM : 60) were grouped and analysed separately.
Phenotype distribution in the complete dataset shows that the "fine" phenotype is the most abundant, with 39.2 % of the specimens belonging to this group, while 34.3 % of the specimens represent the "coarse" phenotype and 26.5 % the "intermediate" phenotype.
Plical frequency in the various environmental categories differs significantly when focusing on specimens in the GM : 20 size range (Kruskal-Wallis H, p < 0.001). Whereas the abundance of the intermediate "phenotype" varies little, specimens from shallow-water habitats exhibit mostly the "coarse" phenotype, and the "fine" phenotype dominates in reefal habitats (Fig. 10) . We also find a significant difference in plical density between specimens from coarse-grained and finegrained sediments, with the latter exhibiting on average a higher number of plicae (GM : 20, Mann-Whitney U, museum-fossilrecord.wiley-vch.de p < 0.001, Fig. 10 ). It should be noted that we performed the latter two analyses with strongly overlapping datasets; almost half of the specimens from coarse-grained sediments also contribute to the dataset from shallow-water habitats. Comparing tropical with non-tropical specimens shows no significant difference in phenotype distribution when focusing on Early, Middle, and Late Jurassic specimens separately. These three separate time intervals were used to avoid potential bias by temporal trends in plical frequency (see next paragraph). No significant correlation between plical frequency and environmental category and between plical frequency and grain size has emerged within the two categories of larger specimens (GM : 40 and GM : 60). This is most likely due to the smaller number of specimens within these groupings. In the GM : 20 size class there is a significant positive correlation of plical frequency with time (r s ¼ 0.304, p < 0.001). By contrast, the trends in the groups of GM : 40 and GM : 60 are negative (r s ¼ À0.238, p ¼ 0.01 and r s ¼ À0.812, p < 0.001, respectively). The strongest positive correlation of plical counts with time (in the group GM : 20) was observed in finegrained sediments (r s ¼ 0.555, p < 0.001), whereas the strongest negative correlation (in the group GM : 40) was observed in coarse-grained sediments (r s ¼ -0.463, p < 0.01). The positive correlation of plical counts with time is also significant in non-tropical specimens. S h a ll o w − w a t e r D e e p e r w a t e r R e e f a l h a b it a t C o a r s e − g r a in e d F in e − g r a in e d Figure 10 . Relative abundance of specimens of Chlamys textoria (Schlotheim, 1820) belonging to the "coarse" (17-26 plicae), "intermediate" (27-36 plicae), and "fine" (> 36 plicae) phenotype in the various environmental settings and in coarsegrained versus fine-grained sediments. Only specimens with a geometric mean between 20 and 40 mm are included.
Discussion

Temporal fluctuations in body size
The trajectory of maximum body size correlates well with the fluctuating values of maximum height provided by Johnson (1984) for specimens from the European Jurassic. In contrast, the lack of a consistent trend in body size deviates from the results of Hallam (1975a) , which indicated an evolutionary size increase in Ch. textoria. In that study on an unspecified number of specimens of Ch. textoria, collected over ten stratigraphic biozones from western Europe and representing about 14 Myr, an increase in the maximum size from 28 mm in the earliest Sinemurian to 88 mm in the latest Pliensbachian was observed, corresponding to a threefold increase in size. These are the records of maximum dimensions attained at the earliest and latest stratigraphic occurrence, but the trajectory of body size in the intermediate time intervals is not known. Hallam's (1975a) species concept differs from ours and his own later work (e.g. Hallam 1987) , which resulted in a strongly reduced stratigraphic range of Ch. textoria (Hettangian-Pliensbachian). Although less pronounced than in Hallam's study, our analysis also shows a distinct size increase in the early history of Ch. textoria from the Hettangian to the Pliensbachian (Fig. 5) . Our longer time series, however, reveals that there is no long-term trend, and small body size similar to the low in the Hettangian also characterises the Aalenian, Callovian, and Kimmeridgian stages. Stanley (1973) argued that for every species there will be an optimum body size for the niche it occupies. Whether body size changes at all depends on whether the mean size of the original population is smaller or larger than this adaptive optimum. Hence, a change in body size is most likely to occur in the early stages of a species' evolution and after environmental change. The Hettangian to Pliensbachian size increase in Ch. textoria occurs across more than 16 Myr, which seems to be too long to represent the earliest stages of evolution. To address changes in body size early in the evolution of Ch. textoria, a much more continuous sampling within the various biostratigraphic subzones of the Hettangian and Early Sinemurian is necessary, which was beyond the scope of this study. Furthermore, size changes were more pronounced in the Late Jurassic than during the Early Jurassic (Fig. 5) , which also argues against the accumulation of changes in body size early on in the lifetime of Ch. textoria.
Evolutionary change in body shape
The observed gradual increase in the average ratio of height to length through time could theoretically be caused by ontogenetic effects. This would be the case if, during growth, height increases more strongly than length and if younger time intervals had proportionally more large specimens than older time intervals. We can exclude such an ontogenetic bias for the following reasons: (1) The trend persists within defined size ranges; (2) there is no directional increase in size through time (Fig. 5) ; and (3) there is no evidence for a disproportionate ontogenetic increase in height relative to length (Fig. 11) . This last observation contrasts with Johnson's (1984) contention that Ch. textoria becomes increasingly higher than long towards the maximum height, but his own data do not support this conclusion (see Johnson 1984, fig. 148 ).
Another potential bias could arise if shell shape differs among regions and the geographic provenance of samples is distributed very unevenly over time. Because the trend is not only evident globally but also within various European regions, we are confident that it is not caused by such a geographic variation in shape.
Finally, the observation that average H/L of Ch. textoria is larger in reef and reef-associated habitats than in level bottom habitats, combined with the fact that reefal specimens dominate in the Late Jurassic (Fig. 4) , could generate an environmental bias in our dataset. Alternatively, specimens from reef/reef-associated habitats have a higher ratio of height to length because most of them were derived from Upper Jurassic deposits and thus just reflect the general evolutionary trend in body shape. We favour the latter explanation because the temporal trend in changing body shape remains significant when focusing on the Early to Middle Jurassic interval, and because of the persistence of the trend in shallow-water settings and in the various lithological categories. The concentration of reef-derived specimens in the Late Jurassic may have amplified the trend in shape, but this factor alone is not sufficient to account for its existence.
McShea (1994) referred to trends as driven when change is biased in a particular direction because of an adaptive benefit or when anagenetic change occurred. In the latter case, a change in body shape may be explained by genetic drift and does not necessarily signify that any force was acting in the observed direction. We are not aware of an obvious adaptive advantage of an increase in the height to length ratio. The right valve of Body size (mm) Height / Length R 2 < 0.001, p > 0.5 Figure 11 . Scatter diagram of the height-length ratio against body size of Chlamys textoria (Schlotheim, 1820) .
museum-fossilrecord.wiley-vch.de
Ch. textoria has a low convexity and an elongate anterior auricle with a deep byssal notch which is retained even in large specimens. Analogous to modern pectinids (Stanley 1970) , this probably indicates attachment by a byssus throughout ontogeny with the right valve as the lower valve. Johnson (1984) suggested that Ch. textoria was capable of swimming, consistent with the behaviour of modern pectinids with similar morphology. Whereas low and unequal convexity of the left and right valve is paradigmatic for swimming, we hold that Ch. textoria was at best a poor and infrequent swimmer. Morphologic features supporting this view are the asymmetry of anterior and posterior auricles, a fairly low umbonal angle (cf. Stanley 1970, figs 11, 15) , and the existence of radial ribs on the shell exterior. An increase in H/L necessarily results in a decrease of the umbonal angle. Because the umbonal angle of the vast majority of specimens of Ch. textoria is already below that of extant pectinids that are able to swim proficiently, an evolutionary increase in H/L would diminish the capability to swim even further. The currents expelled from the dorsal commissure during swimming would pass backward less directly, the water volume emitted for propulsion would decrease, and frictional drag in the direction of movement would increase (Stanley 1970) . Swimming is an important antipredatory strategy among scallops (Vermeij 1987 , but see Aberhan et al. 2012 ), but despite the apparent increase in predation pressure during the Jurassic (Aberhan et al. 2006 ) it was not a behaviour which Ch. textoria improved during its Jurassic lifetime. For lack of an obvious selective advantage that would explain the observed change in shape, we consider genetic drift to be plausible.
Latitudinal gradient
The range in palaeolatitude of our data from 9 to 48 limits our analyses to low and mid palaeolatitudes. Nevertheless, extra-tropical specimens are larger than those from the tropics on average, and -in accordance with Bergmann's rule -we find some support for a significant positive linear trend of body size across latitude. In other studies on marine bivalves, no distinct linear relationship between mean body size and latitude has emerged (Roy et al. 2000; Roy & Martien 2001) . In fact, Roy & Martien (2001) reported that mean body size for their lowest and highest latitude assemblages in the north-eastern Pacific was surprisingly similar and that it decreased with increasing latitude within the lower province (5 S to 23 N), and increased with increasing latitude in higher provinces (> 34.5 N) . Because of the scant occurrences of specimens from low palaeolatitudes in the present study, with only six specimens from palaeolatitudes below 20
, we cannot rule out that similar trends exist among Ch. textoria, and that the reported linear trend is merely caused by the abundant data from mid palaeolatitudes. The small number of specimens from low palaeolatitudes reflects a real paucity of information from tropical regions, a feature typical of much of the Late Mesozoic fossil record (Koch 1998 ) that hampers latitudinal analyses in general. Nevertheless, the increase in maximum body size from low to mid palaeolatitudes supports the idea of a linear trend, even though analysis on maximum body sizes does not necessarily reflect the shift in size distribution within the whole population. Furthermore, the existence of a latitudinal size trend in Ch. textoria in shallow-water and deeper water environments suggests that the trend is not facies-controlled.
Our analyses confirm that there are other factors that affect body size besides the positive correlation of energy availability with temperature and growth rate (see Turner & Lennon 1989) . Temperature-independent environmental factors such as salinity, substrate, and water depth also influence growth of marine animals (Heilmayer 2004) . Based on the effect of temperature on a number of invertebrates, including two bivalve species, Atkinson (1994) even argued that body size at a given developmental stage decreases despite increasing temperature. Atkinson proposed several explanations for the phenomenon, including temperature-dependent changes in the oxygen-carrying capacity of water and the benefit of maturation at smaller size in populations with higher density (see also Blackburn et al. 1993) . Similarly, though it has been shown that bivalves from low latitudes tend to grow more rapidly than conspecifics from higher latitudes (Gosling 2003) at least some also attain a smaller maximum size and have a shorter lifespan (Newell 1964) . Thus, understanding the ultimate causes of latitudinal trends in body size in an extinct bivalve species can be quite complex because multiple factors can covary with temperature trends.
Ornamentation
Our results confirm quantitatively the observation of Johnson (1984) that plical counts vary for specimens from different environments. In a study on Jurassic trigoniid bivalves, Francis & Hallam (2003) considered it unlikely that change in costal density had any adaptive significance, and differences in costal density may simply be the result of genetic shift in the population. Because the variation in Ch. textoria is clearly linked to the inhabited environment, we propose that, for this species, changes in plical counts have an adaptive significance. Johnson (1984) proposed that the variation in plical frequency is an ecophenotypic phenomenon, but this cannot explain his observation that there is no perfect correspondence of phenotype with facies. In our view, an ecophenotypic explanation is not compulsory, and the pattern can rather be interpreted as a phenomenon caused by natural selection. For example, if higher plical amplitudes are in fact an effective defence against predators (because of increased shell strength; see Alexander 1990; Zuschin et al. 2003) , increasing predation pressure would lead to an increased survivorship of individuals with fewer but larger plicae compared to individuals with more numerous but less prominent plicae. Eventually, this would lead to differing genotype (and phenotype) frequencies for the populations in the various habitat types. Larger plical amplitudes do not provide a perfect protection against predators, and obviously some of the specimens exhibiting the "intermediate" or "fine" phenotype did reach maturity in each habitat type. Only the percentage of the phenotypes in the population changes with increasing predation pressure. Johnson (1984) speculated that some environmental variable, which is only loosely related to sedimentary facies, is the real determinant of phenotype dominance. In this context, he considered different defence strategies (e.g. escape from predators via swimming; increased resistance against attack by predators), depending on the environment. Alternatively, he suggested that camouflage, relating to the grain size of the substrate, might be an explanation.
We consider Johnson's defence-based hypothesis to be an unlikely explanation for the observed phenotype distribution in Ch. textoria, because it assumes different strategies towards predators in different environments. An alternative to the defence-based hypothesis would be a gradient in predation risk. Such gradients have been documented in the fossil record (Hoffmeister & Kowalewski 2001; Sawyer & Zuschin 2010) as well as in modern environments (Fawcett 1984; Canion & Heck 2009 ). In marine environments, predation pressure is typically highest in the lower intertidal and shallow subtidal zones and then decreases shoreward and seaward (Fawcett 1984; Sawyer & Zuschin 2010) . The predation pressure characteristic of reefs is difficult to determine due to the complexity of the ecosystem. Reefs are characterised by a high number of predators, but they also contain numerous predation refuges in the form of crevices and cryptic micro-habitats. Such refugia have been shown to reduce predation risk in some environments (Menge & Lubchenco 1981) . It is therefore possible that predation risk may be rather low in reef environments. Under this scenario, the observed pattern in phenotype distribution can be seen as a response to the gradient in predation risk: the higher the predation pressure, the lower the average plical count.
The camouflage hypothesis may provide the best explanation for the phenotype distribution because it does not depend on an assumed gradient in predation risk. Several extant pectinids (e.g. Pecten ziczac, Pecten maximus) are known to excavate a depression on the substrate in which they sit, and to cover and thus camouflage their upper flat valve with silt, sand or gravel (e.g. Stanley 1970; Franklin et al. 1980) . The combination of plicae and lamellae produces a grating that could function as an imitation of the predominant substrate in the absence of vegetation. Moreover, finegrained sediment may serve to efficiently hide the shell by filling of the narrow interspaces between ribs of the "fine" phenotype, whereas coarse grains are better suited to fill the broader interspaces of the "coarse" phenotype. The better the camouflage, the lower the probability of encountering a predator and the greater are the chances of survivorship and increase in the number of individuals with the advantageous phenotype. Because grain size and habitat often correlate -most of the deeper water habitats have fine-grained sediments and shallow-water habitats have coarser sediments -the camouflage hypothesis also explains the lower abundance of the "coarse" phenotype in deeper water habitats. Thus, this hypothesis satisfactorily accounts for the phenotype distribution in Ch. textoria and can explain the lack of a perfect phenotype correspondence. It is also a good explanation for the lack of a significant difference in phenotype distribution between the tropics and extra-tropics; if grain size is the controlling factor, and the relative abundance of fine-and coarse-grained sediments is about the same in both latitudinal categories, we expect no major difference, even if predation is more intense in the tropics (Dietl & Kelley 2001; Freestone et al. 2011) .
Although seemingly contradictory, the observed temporal trends can be reconciled with the camouflage hypothesis. Higher plical counts should be favoured in habitats with fine-grained sediments, and lower plical counts should be favoured in habitats with coarser sediments. Accordingly, the percentage of the favoured phenotype should increase with time in each habitat type: plical frequency should increase and decrease with time in fine-and coarse-grained habitats, respectively. This is in agreement with our results, which show the strongest positive correlation of plical frequency with time in fine-grained sediments (in size class GM : 20), and the strongest negative correlation in coarse-grained sediments (in size class GM : 40). Obviously, the actual benefit of fine-tuning grain size and number of plicae is not essential for survival. In combination with a continuous increase in predation pressure during the Jurassic, this could explain that the above shifts in phenotype composition extend across evolutionary (tens of millions of years) rather than ecological time scales.
Conclusions
Detailed analysis suggests that the established patterns and trends reflect true biological/evolutionary signals and are not artifacts of an uneven representation of environmental and lithological categories in the data set. We show that: (1) body size of Ch. textoria fluctuated during the Jurassic without any long-term trend; (2) the average ratio of height to length increased gradually during the Jurassic; (3) mean body size increased from low to mid palaeolatitudes; and (4) a strong but complex relationship exists between the number and strength of the radial ribs of Ch. textoria and the inhabited environments.
With respect to "rules", we conclude that Cope's rule does not apply for this species. We find some evidence supporting the applicability of Bergmann's rule but the establishment of a definitive link between size and latitude in this species is not possible at this time because of the low number of specimens from low palaeolatitudes and the current restriction of the range of Ch. textoria to palaeolatitudes lower than 48 . In terms of processes, our analyses confirm that the positive relationship between temperature and growth rate does not alone determine body size. The directional change in shape suggests that swimming abilities, if anything, decreased over time. The phenotype distribution suggests that Ch. textoria rather applied an adaptive camouflage strategy to avoid predation. Genetic drift is a more plausible mechanism to generate the trend in shape than operation of a specific selective force.
